In this paper, we have demonstrated the measurement of the morphology-dependent resonance 1 (MDR) within a laser trapped microsphere excited under two-photon excitation. Both trapping and two-photon excitation are achieved by a single femtosecond pulsed laser beam simultaneously. MDR induced by two-photon excitation 2 has also shown to overcome difficulties in separation of excitation and resonant wavelengths and the inability to confine excitation illumination precisely 3 . A spectrally resolved image demonstrates that this technique provides an alternative imaging mechanism for near-field imaging and mapping surface tomography.
INTRODUCTION
Laser trapping has led to a strong impact on biological studies and chemical scientific research at a single molecule level [4] [5] [6] as well as scanning near-field optical microscopy (SNOM) 7, 8 . Laser trapping SNOM utilizes a trapped micro-particle as a scanning probe for near-field imaging and has some advantages over conventional SNOM which uses a tapered fiber tip as a scanning probe. One of the most significant advantages is that controlling the distance between the probe and substrate is not required in laser trapping SNOM 7, 8 . In addition, the concern associated with a fragile probe is not an issue in laser trapping SNOM. However, due to the low signal strength, image contrast in laser trapping SNOM requires a significant improvement. One solution to this problem is the utilization of morphology-dependent resonance (MDR) 1,9-12 in a trapped micro-sphere. A dielectric sphere possesses natural internal modes of oscillation at characteristic frequencies corresponding to specific ratios of size to wavelength, which are called MDR [9] [10] [11] . This feature provides a useful tool for enhancing the signal strength in sensing and imaging with a trapped micro-sphere 12 . MDR can be induced in fluorescent micro-spheres under single-photon 1, 12 and two-photon 3 excitation. To induce MDR in a trapped micro-sphere, one normally needs two beams; one is for trapping a micro-sphere and the other for fluorescence excitation. It is, however, difficult to dynamically control the two focal spots with high accuracy. To overcome such a difficulty, we introduce a novel technique in which case both trapping and two-photon excitation are achieved by a single femtosecond pulsed laser beam simultaneously.
EXPERIMENTAL RESULTS
The effect of a femtosecond pulsed laser beam on laser trapping performance was demonstrated in the experimental system shown in Fig. 1 . A train of linearly polarized 86 fs pulses of wavelength 870 nm (Spectra-Physics Tsunami) is coupled directly into an inverted trapping microscope objective so that the back aperture of the trapping objective is filled. A high numerical aperture (NA=1.2) water immersion objective (Olympus UplanXW60) is used to focus the pulsed laser beam into a sample cell. The sample cell consists of Yellow-Green fluorescent micro-spheres of 10 µm in diameter (Polysciences), which has an absorption peak close to the laser wavelength for two-photon excitation 12 . The micro-spheres are suspended in water within a sealed sample cell. The displacement of a trapped particle is achieved by a computer-controlled scanning stage on which the sample cell is attached. Throughout this paper we employ an s-polarized trapping beam, meaning that the polarization direction of a trapping beam perpendicular to the direction of the transverse displacement of a trapped particle. The fluorescence emission from an excited micro-sphere, which exhibits the MDR feature 3 , is analyzed by a high-resolution spectrograph (ARC, ∆λ=0.1-0.3 nm).
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Sample cell The strength of the two-photon-induced MDR is highly dependent on the location of the excitation spot within a micro-sphere because of the highly localized nature of two-photon absorption (Fig.2) . Therefore, the strength and the visibility of the MDR signal varies with translation velocity of a trapped particle as a result of the balance between the viscous drag force and the transverse trapping force.
In order to quantify the MDR feature in relation to the translation velocity of a trapped particle, we introduce the measurable quantity, the visibility V defined as ) /( ) ( background peak background peak
, where I peak and I background are the intensity of MDR peaks and the background fluorescence, respectively 3 . The MDR signal induced in a stable laser trapped particle for various translation velocities is shown in Fig. 3(a-f) . It is shown that the MDR effect is greatly enhanced when the translation velocity increases. This phenomenon can be explained as follows. At a given laser power, the greater the translation velocity, the greater the transverse trapping force required. This means that the trapping spot moves towards the edge of a trapped particle because the transverse trapping force increases with the displacement of the trapping beam 13 . It has been previously demonstrated that the two-photon-induced MDR effect becomes more significant when the excitation spot moves closer towards the edge of a trapped particle (Fig. 2.) . Therefore, the visibility of the MDR signal becomes pronounced when a particle is scanned fast. This feature implies that a better sensitivity in laser tapping SNOM could be achieved at a high scanning velocity. It should be pointed out that the induced MDR signal is highly polarized 3 . The two adjacent peaks in the MDR fluorescence spectrum represent two cavity modes, the transverse electric (TE) and transverse magnetic (TM) modes. It is shown in Fig. 3(g) . that both modes share a similar increase in visibility with increasing translation velocity. Figure 3 . MDR spectra of a laser trapped micro-sphere at velocities 4, 9, 14, 19, 26 and 29 µm/s ((a) to (f)), respectively. Visibility of peaks 517.8 nm (squares) and 521.2 nm (circles) as a function of the translation velocity of a trapped particle (g).
In order to characterize the imaging properties of a laser trapped probe, a polymer test sample was fabricated. The test sample consists of a grating structure fabricated using a two-photon photo-polymerization technique 14 . The grating has a lateral spacing of 10 µm, a full width half maximum (FWHM) of 0.7 µm and is 600 nm in height. The spectral resolved one-dimensional (1-D) image of the grating structure is shown in Fig. 4 . The spatial resolution of the image is 1 µm/point according to the scanning speed (10 µm/s ) and the spectrograph CCD cameras exposure time (100 ms). It is noted in Fig 4. that the MDR effect is enhanced at the position of each element in the grating. This is because when the scanned particle collides with an element of grating structure the trapping spot is pushed further toward the edge of the particle, resulting in stronger MDR signal. 
CONCLUSION
In conclusion, we have demonstrated the achievement of simultaneous trapping and two-photon induced MDR in a micro-sphere by a single ultrashort-pulsed beam. The use of a femtosecond-pulsed beam allows for localized twophoton excitation while a trapped particle can be scanned at different velocities. The measured dependence of the visibility of the MDR signal on the translation velocity indicates that a high sensitivity and a high scanning velocity of a trapped particle can be achieved simultaneously. A spectrally resolved image demonstrates that this technique provides an alternative imaging mechanism for near-field imaging and the surface tomography.
